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Porous silicon layers prepared by anodic dissolutions of silicon wafers in aqueous HF solutions reveal either crystalline phase or intermediate phase between microcrystalline and amorphous phases, depending on the anodization conditions. The configurations of hydrogen and oxygen atoms near the surface of microstructures are directly related to the light emitting characteristics of porous silicon layers. We observed that oxidation leads to the shifts of SiH, stretching modes to higher frequencies and enhanced photoluminescence intensity, which can be correlated with a charge transfer within O-Si-H bonds. We also observed that chemical treatments in trichloroethylene have similar effects as thermal oxidation.
Despite the intensive studies of porous silicon layers (PSLs) after the observation of strong photoluminescence (PL) at room temperature by Canham et al. ' the light emission mechanism has not yet been clearly understood. Although quantum size effects in severely etched silicons are clearly demonstrated by both experimental1-3 and theoretical works,4 other works suggest that the chemical compounds such as siloxene,5 oxidized silicon,6'7 and hydride complexes8-'o play a crucial role for the light emission from PSLs. It has long been observed that hydrogenated amorphous silicon layer (a-Si:H) reveal broad PL spectra centered near 1.4 eV with a width of about 0.3 eV." Efficient PL spectra at room temperature have also been observed in a-Si:H alloys with high hydrogen concentrations."
The detailed microscopic structure of PSLs is still controversial. There have been several Raman studies '3-'5 and an x-ray absorption studyI which show the crystalline phase of PSLs whereas several studies also report the amorphous phase. i7*t8 Columnar structures are observed even in the plasma deposition of hydrogenated amorphous silicon. l9
In order to fully understand the structure-related and chemical compound-related PL spectra at room temperature, the study of correlations among PL, infrared (IR), and Raman spectroscopy is necessary. In this work we performed the PL, IR, and Raman spectroscopy for two types of PSLs which show crystalline or amorphous-like phases.
The PSLs were formed by anodizing p-type Si( 100) wafers with resistivity 6.53-8.96 0 cm in HF-ethanol solutions ( HF:H20:C;H,0H= 1:1:2). Wafers have been anodized under two different conditions, resulting in two distinct types of PSLs. For one type of PSL, called PSLl, the anodization time and anodic current density were 5 min and 20 mA/cm', respectively. For the other type of PSL, " 'Department of Chemical Technology, Jeonbuk National University.
called PSL2, they were 1 h and 75 mA/cm '. Typical thicknesses of PSLs are 3 and 70 pm for PSLl and PSL2, respectively. The PSLs were further chemically etched in 48% HF solutions for 0, 2, 5, and 10 min to enhance the PL intensity. To study the effect on the surface chemistry of PSLs, the samples were either chemically treated with trichloroethylene for 0,2, 5, and 10 min, or oxidized in the air by heating for 30 min in an electrical furnace at 100, 200, 400, and 600 "C!. PL and IR transmission measurements were performed after each treatment. IR transmission spectra were taken using a Per&n-Elmer infrared spectrometer (model 683). PL and Raman spectra were obtained with typical Raman scattering equipment." Figure 1 shows Raman spectra of PSLl and PSL2, recorded in the backscattering geometry. The Raman spectrum of PSLl is similar to that of bulk Si crystal indicating that the microstructure of PSLl is crystalline. On the other hand, the Raman spectrum from PSL2 exhibits a broad peak around 496 cm-' suggesting that the microstructure are IR transmission spectra taken from PSLl and PSL2. In IR spectrum from PSLl, the SiH, bending modes at -910 cm-i, the Si-0-Si asymmetric stretching mode at -1100 cm-', and the SiH, stretching modes around 2100 cm-' are clearly seen pig. 2(a)]. However, in PSL2, the SiH, bending modes and the SiH, stretching modes are broadened and a broad band appears near the frequency of the Si-0-Si asymmetric stretching mode [ Fig. 2(b) ]. With increasing etching times in 48% HF solution, peaks related to SiH, bonds become more prominent while the broad band around 1000-1250 cm-' is weakened. It should be noted that only an asymmetric stretching mode of Si-0-Si has been observed from the crystal Si wafer in the spectral range in Fig. 2 . The PL intensity increases in both cases with HF treatment time up to 10 min, indicating that the amount of hydrogen atoms on the surface of microstructures in PSLs is closely related to the light emitting efficiency. In order to study the role of oxygen and hydrogen for the efficiency and the stability of light emitting characteristics, we oxidized PSLs by heating them 'in air at temperatures ranging from 100 to 600 "C IR spectra from PSL2 recorded after different degrees of oxidation and chemical treatments are shown in Fig. 2 . As can be seen in Figs. 2(b)"and 2(c), the dissolution in HF solution for 1 min leads to the increase in the relative intensity of the peaks related to SiH, bonds. Figure 3(d) shows the spectrum obtained after leaving the sample in the air for one month. We see that the SiH, bending modes are buried in the oxygen-related broad band around 1000-1250 cm-'. Furthermore distinct peaks appear at 2200 and 2250 cm-', slightly higher frequencies than the SiH, stretching modes. These are attributed to the oxidation of SiH bonds by Kato et aZ. ' i It has been known that when strongly electronegative oxygen atoms are incorporated into the backbonds of Si-H bonds in a-Si:H, a change in charge distribution takes place, leading to the frequency shift of the Si-H vibration modes to the higher energy side.22123 As the amount of oxygen atoms is increased by annealing samples for 30 min at 200 "C, the intensities of the shifted peaks of oxidized SiH, increase, as can be seen in Fig. 2(e) . After further oxidation at 400 "C! for 30 min, SiH, related peaks disappeared as a result of dissociation of hydrogen atoms from Si-H bonds at this temperature. The stretching modes of oxidized SiH, persist at this temperature, indicating that the bond energies of SiH, have been increased by the incorporation of oxygen atoms into their backbonds. This behavior has also been discussed in a-Si:H.23 The IR peaks arising from the oxidized SiH, configurations finally disappeared after oxidation at 600 "C for 30 min due to the dissociation of hydrogen atoms, as shown in Fig. 2(g) . Finally, Fig. 2(h) shows that HF treatment for 1 min restores SiH, bonds on the surface of the microstructures of PSLs. The IR spectra of PSLl exhibit similar behavior after thermal oxidation under the same conditions as mentioned above.
The PL spectrum of as-anodized PSL2 exhibits a very weak and broad peak around 1.68 eV as shown in Fig.  3 (a) . After the chemical etching in 48% HF solution for 2 min the PL intensity increases due to the passivation of the surfaces of microstructures by hydrogen atoms and the peak shifts to higher energy [ Fig. 3(b) ]. The PL intensity increases with further etching up to 10 min in HF solution, whereas the porosity does not change appreciably. Similar behavior has been observed in PSLl . The oxidation process described earlier also enhances the PL intensity as can be seen in Figs. 3 (c) and 3 (d) . But oxidation at 600 "C reduces the intensity by a factor of 3. [ Fig. 3(e) ]. From Fig.  2 (g), we know that most of the hydrogen atoms are dissociated. Thus, the chemical effects associated with hydrogen atoms are removed. It suggests that the light emission mechanism in this case is more likely a quantum size effect.
We noticed that a brief dipping of PSLs in trichloroethylene enhances the PL intensity. The SiH, features of the IR spectra with various treatment times in trichloroethylene exhibit changes similar to those with different degrees of oxidation. Treatments in trichloroethylene lead to the incorporation of oxygen atoms in the SiH backbonds which in turn results in increased PL intensity. After leaving the sample in the air for a day after 10 min treatment of trichloroethylene, the PL spectrum shows two distinct peaks near 2.2 and 1.69 eV. Although the IR spectra with treatments in trichloroethylene show behavior similar to those with different oxidation condition, the detailed surface configurations may be different. It is known that siloxene exhibit yellow or red luminescence depending on the details of structures.5 The peak near 2.2 eV may be due to a contribution from S&O-H compounds like siloxene, which requires further study.
In ~summary, efficient light emitting crystal-and amorphous-like porous silicon layers are prepared under different anodization conditions. Chemical treatments in HF solution passivate the surface of microstructures in PSLs with hydrogen atoms, resulting in increased PL intensities. Thermal oxidation and chemical treatment in trichloroethylene incorporate oxygen atoms into the backbonds of SiH, near surfaces of microstructures, which also enhances PL intensities. The effects of Si-O-H compounds should be studied further.
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